We investigated the interaction of the 12 kDa FK506-binding protein (FKBP12) with two ryanodine-receptor isoforms (RyR1 and RyR3) and with two myo-inositol 1,4,5-trisphosphate (IP $ ) receptor isoforms (IP $ R1 and IP $ R3). Using glutathione Stransferase (GST)-FKBP12 affinity chromatography, we could efficiently extract RyR1 (42p7 % of the solubilized RyR1) from terminal cisternae of skeletal muscle as well as RyR3 (32p4 % of the solubilized RyR3) from RyR3-overexpressing HEK-293 cells. These interactions were completely abolished by FK506 (20 µM) but were largely unaffected by RyR-channel modulators. In contrast, neither IP $ R1 nor IP $ R3 from various sources, including rabbit cerebellum, A7r5 smooth-muscle cells and IP $ R-overexpressing Sf9 insect cells from Spodoptera frugiperda, were retained on the GST-FKBP12 matrix. Moreover, immunoprecipitation experiments indicated a high-affinity interaction of FKBP12 with RyR1 but not with IP $ R1. In order to determine the FKBP12-binding site, we fragmented both RyR1 and IP $ R1
INTRODUCTION
Ryanodine receptors (RyRs) and myo-inositol 1,4,5-trisphosphate (IP $ ) receptors (IP $ Rs) are large tetrameric intracellular Ca# + -release channels, both represented by three different isoforms (reviewed in [1] ). The type-1 RyR (RyR1) is highly expressed in the terminal cisternae (TC) of striated muscle cells, whereas the type-3 isoform (RyR3) is expressed in many tissues at very low levels [2, 3] . IP $ Rs are expressed ubiquitously and most cell types contain two or more isoforms [4] [5] [6] [7] .
Accessory proteins, such as the 12 kDa FK506-binding protein (FKBP12), are important regulators of the intracellular Ca# + -release channels [8] [9] [10] [11] . FKBP12 is associated with the RyR1 of TC of skeletal-muscle cells [12, 13] and also interacts with the RyR3 of diaphragm [14] , whereas the related protein FKBP12.6 interacts with the cardiac RyR2 [15] . The functional effects of FKBP12 on RyR1 have been well investigated : FKBP12 stabilized the RyR1 channel, resulting in full-conductance openings [16] , and promoted coupled gating of RyR1 clusters [17] .
More recently, FKBP12 was proposed to interact with the cerebellar IP $ R1, thereby modulating IP $ -induced Ca# + release [18] and targeting calcineurin to the IP $ R1 [19] . The putative FKBP12-binding site on IP $ R1 was determined by the yeast twoAbbreviations used : DTT, dithiothreitol ; FKBP12, 12 kDa FK506-binding protein ; GST, glutathione S-transferase ; IP 3 , myo-inositol 1,4,5-trisphosphate ; IP 3 R, IP 3 receptor ; IP 3 R-FKBS, FKBP12-binding site of IP 3 R1 ; RyR, ryanodine receptor ; RyR-FKBS, FKBP12-binding site of RyR1 ; TC, terminal cisternae. 1 To whom correspondence should be addressed (e-mail geert.bultynck!med.kuleuven.ac.be).
by limited proteolysis. We obtained a 45 kDa fragment of RyR1 that bound to the GST-FKBP12 matrix, indicating that it retained all requirements for FKBP12 binding. This fragment was identified by its interaction with antibody m34C and must therefore contain its epitope (amino acids 2756 -2803). However, no fragment of IP $ R1 was retained on the column. These molecular data are in agreement with the lack of correlation between FKBP12 and IP $ R1 expression in various cell types. The observation that FKBP12 did not affect IP $ -induced Ca# + release but reduced caffeine-induced Ca# + release also indicated that mature IP $ R1 and IP $ R3, in contrast to RyR1 and RyR3, did not display a specific, high-affinity interaction with FKBP12.
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hybrid technique. The interaction site corresponded to a leucylprolyl residue in the regulatory domain of the receptor (amino acids 1400-1401) [20] . This site is relatively well conserved among the different RyR and IP $ R isoforms. Recently, the interaction of FKBP12.6 with the homologous site on RyR2 was also demonstrated with the yeast and two-hybrid technique [21] .
Until now, however, the localization of the FKBP12-binding site on either the RyR or the IP $ R has not been determined at the level of the mature protein in a direct way. Moreover, although the functional effects of FKBP12 on RyR1 are well described, its interaction with IP $ R1 is controversial. Several functional studies failed to support a physiological regulation of IP $ -induced Ca# + release by FKBP12 [22] [23] [24] .
We therefore investigated the interaction of FKBP12 with different types of intracellular Ca# + -release channels at the protein level and we characterized the localization and properties of the FKBP12-binding site. Our results indicate that both RyR1 and RyR3 efficiently bound FKBP12 and that the FKBP12-binding site on RyR1 is localized at or near the amino acids homologous to the FKBP12.6-binding site detected in RyR2 by the yeast twohybrid technique [21] . However, neither IP $ R1 nor IP $ R3 did interact with FKBP12. Furthermore, the fragment of IP $ R1 containing the previously proposed FKBP12-binding site [20] did not interact with FKBP12. Taken together, these results suggest that the FKBP12-binding site on the IP $ R is not functional in the mature protein or may only be accessible under specific conditions.
EXPERIMENTAL

Cell culture
SH-SY5Y human neuroblastoma cells, A7r5 rat aorta smoothmuscle cells, HEK-293 cells, RBL-2H3 rat mucosal mast cells, 16HBE14ok human bronchial epithelial cells and Sf9 insect cells from Spodoptera frugiperda were cultured as described previously [23, [25] [26] [27] . C2C12 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 1 % non-essential amino acids, 2 mM -glutamine, 85 i.u.\ml penicillin, 85 µg\ml streptomycin, 10 % (v\v) foetal calf serum and 0.5 % (v\v) chicken embryo extract. Differentiation was induced by reducing the foetal calf serum concentration to 0.5 % (v\v). The expression of IP $ R1 and IP $ R3 in Sf9 insect cells [26, 28] and of RyR3 in HEK-293 cells [27] was performed as described previously.
Construction of glutathione S-transferase (GST) fusion proteins, encoding FKBP12 or the FKBP12-binding sites of IP 3 R1 (GST-IP 3 R-FKBS) and RyR1 (GST-RyR-FKBS)
cDNA encoding human FKBP12 was amplified using PCR with 5h-GCCGGATCCATGGGAGTGCAGGTGGAAACC-3h as the forward primer, with a 5h-flanking EcoRI restriction site (underlined), and 5h-CCAAGAATTCTCATTCCAGTTTTAG-AAGCTCC-3h as the reverse primer, with a 5h-flanking BamHI restriction site (underlined). PCR products were digested with BamHI and EcoRI. These fragments were purified by PAGE and ligated into the BamHI-EcoRI sites of pGEX-2T.
Amplification of the cDNA encoding the proposed FKBP12-binding site in the mouse IP $ R1 [20] (IP $ R-FKBS, amino acids 1349-1461) and the analogous domain in the rabbit RyR1 (RyR-FKBS, amino acids 2406-2520) was performed by PCR, using the full-length mouse IP $ R1 cDNA and the full-length rabbit RyR1 cDNA as templates.
Oligodeoxynucleotides were synthesized with a 5h-flanking BamHI restriction site (underlined below) for the forward primers and a 5h-flanking EcoRI restriction site (underlined below) for the reverse primers. For the construction of GST-IP $ R-FKBS, we used 5h-CAATGGATCCGCCTCTTTCCAGACTCTGA-TCC-3h as a forward primer and 5h-TGTTGAATTCTCAG-GCCCTGCAGATCTCCACG-3h as a reverse primer. For the construction of GST-RyR-FKBS, we used 5h-GGCGCGGATCC TTTGGGAGGAGCC-3h as a forward primer and 5h-TCCA-GGAATTCTCACAGCAGGAAGTCCTGG-3h as a reverse primer. PCR products were digested with BamHI and EcoRI. These fragments were purified by PAGE and ligated into BamHI-EcoRI restriction sites of pGEX-6p2. All plasmids were transformed into Escherichia coli DH5α for cloning and sequencing, followed by transformation into E. coli BL21 (DE3) expression host. The nucleotide sequences were confirmed by sequencing with the Automated Laser Fluorescent4 sequencing system (Amersham Pharmacia Biotech, Uppsala, Sweden).
Purification of GST fusion proteins
Bacterial cultures containing plasmids encoding parental GST or GST fusion proteins were grown until the D '!! reached a value between 0.6 and 1. Synthesis of the fusion proteins was induced with 1 mM isopropyl β--thiogalactoside and the cells were cultured for another 4 h at 28 mC. Cells were harvested and resuspended in PBS supplemented with 77 nM aprotinin, 0.83 mM benzamidine, 1.1 µM leupeptin, 0.7 µM pepstatin A, 0.23 mM PMSF and 1 % Triton X-100. After sonication at 20 kHz (nine times for 10 s using a probe sonicator ; MSE, Crawley, Surrey, U.K.) and centrifugation, the soluble proteins were bound to glutathione-Sepharose 4B. After washing with PBS, supplemented with benzamidine, PMSF, 2-mercaptoethanol and 0.1 % (w\v) azide, the matrix-bound GST and GST-FKBP12 were stored at 4 mC. GST-IP $ R-FKBS and GST-RyR-FKBS were present in the insoluble pellet. These fusion proteins were solubilized with 1 % (w\v) sarcosyl [29] . The sarcosyl-solubilized proteins were bound on glutathioneSepharose 4B. The GST fusion proteins were eluted with 10 mM reduced glutathione, dialysed in PBS with benzamidine, PMSF and 2-mercaptoethanol and stored at k80 mC.
SDS/PAGE and Western-blot analysis
FKBP12 and GST fusion proteins were analysed by SDS\PAGE (14 and 10 % gels, respectively ; 26 mA\gel, constant current), followed by semi-dry electrophoretic transfer to a PVDF membrane (Immobilon-P, Millipore, Bedford, MA, U.S.A.). Transfer was performed for 2 h in transfer buffer (25 mM Tris\192 mM glycine) supplemented with 0.0375 % SDS and 20 % methanol (0.8 mA\cm#, constant current). Full-length IP $ Rs and RyRs were analysed by SDS\PAGE (3-12 % gels ; 50 mA\gel, constant current) followed by wet electrophoretic transfer performed for 16 h in transfer buffer (0.6 mA\cm#, constant current). After blocking the membranes with PBS containing 1 % (v\v) Tween-20 and 5 % (w\v) non-fat dry milk powder, the membranes were subsequently incubated with primary antibody (Table 1 ) and alkaline phosphatase-conjugated secondary antibody. The immunoreactive bands were visualized after conversion of the Vistra4 ECF substrate (Amersham Pharmacia Biotech) and analysed as described previously [30] . Values are given as meanspS.D. and statistical comparisons were made using the Student's t test. Commercial antibodies were anti-FKBP12 (Affinity BioReagents, Golden, CO, U.S.A.), m34C (Affinity BioReagents), XA7 (Upstate Biotechnology, Lake Placid, NY, U.S.A.), anti-IP $ R3 (Transduction Laboratories, Lexington, KY, U.S.A.) and anti-GST (Calbiochem, Darmstadt, Germany).
Microsomal preparations
TC were isolated as described previously [31] , except for the addition of protease inhibitors (0.83 mM benzamidine\0.23 mM PMSF\2 µg\ml leupeptin) to the homogenization medium. Microsomes of rabbit cerebellum [32] , Sf9 cells [26, 28] and RyR3-transfected HEK-293 cells [27] were prepared as described.
GST-FKBP12 affinity chromatography
The GST-FKBP12 affinity-chromatography assay was adapted from a previously described procedure [33] . Microsomal pellets (2 mg of protein) were solubilized in 500 µl of solubilization buffer, i.e. 20 mM Tris\HCl, pH 7.4\1 M NaCl\2 mM dithiothreitol (DTT)\2 % (w\v) CHAPS\1 % (w\v) -α-phosphatidylcholine in the presence of all the above-mentioned protease inhibitors. Solubilization (10 min, 4 mC) was arrested by centrifugation at 125 000 g. The solubilized fraction was diluted 5-fold with 20 mM Tris\HCl, pH 7.4\2 mM DTT and incubated (40 min, 37 mC) under continuous agitation with GST-FKBP12, immobilized on glutathione-Sepharose 4B. The beads were washed four times with PBS supplemented with 0.5 % (w\v) CHAPS\2 mM DTT ; in order to remove the actomyosin, NaCl FK506-binding protein interaction with Ca 2 + -release channels 
Mapping of the FKBP12-binding site on RyR1 and IP 3 R1
TC vesicles (1 mg of protein) or microsomes of IP $ R1-overexpressing Sf9 cells (2 mg of protein) were partially trypsinized as described previously [34, 35] . In short, microsomal fractions were washed twice with 20 mM Tris\HCl, pH 7.4\150 mM NaCl. TC vesicles were treated with trypsin (1 : 12, w\w) for 6 min and Sf9 microsomes with trypsin (1 : 1000, w\w) for 10 min, both at room temperature. Trypsinization was stopped by the addition of a 10-fold excess of soya bean trypsin inhibitor and 0.23 mM PMSF. Trypsinized membranes were solubilized in the above-described solubilization buffer. The solubilized fraction was incubated for 2 h (4 mC) with GST-FKBP12, immobilized on glutathioneSepharose 4B. During this incubation, 0.2 % ethanol (vehicle) or 20 µM FK506 was added. The beads were subsequently washed four times with PBS containing 0.5 % (w\v) CHAPS, 2 mM DTT and protease inhibitors. Protein complexes were eluted with Laemmli buffer.
Immunoprecipitation
The microsomal pellets (0.8 and 2 mg of protein for TC and rabbit cerebellar microsomes, respectively) were solubilized for 4 h at 4 mC in 20 mM Tris\HCl, pH 7.4\150 mM NaCl\0.25 % (v\v) Triton X-100 and all the above-mentioned protease inhibitors. The solubilization was arrested by centrifugation at 125 000 g. The supernatants were incubated subsequently for 2 h at 4 mC with anti-RyR1 (m34C, 1\20) or anti-IP $ R1 (Rbt03, 1\40) and allowed to react with Protein G-Sepharose or Protein A-Sepharose, respectively (2 h, 4 mC). After four washes with PBS containing 0.25 % (v\v) Triton X-100, the immune complexes were dissociated with Laemmli buffer.
Unidirectional 45 Ca 2 + fluxes on saponin-permeabilized cells
Unidirectional %&Ca#+-efflux measurements on permeabilized A7r5 cells were performed exactly as described previously [36] . For C2C12 cells, the efflux medium contained in addition 5 mM MgCl # \5 mM ATP\150 nM free Ca# + in order to activate RyRs.
RESULTS
Expression of intracellular Ca 2 + -release channels and FKBP12
The protein levels of IP $ R1, RyR1 and FKBP12 were quantified in microsomal fractions from different cell types by Western-blot analysis with isoform-specific antibodies. The relative expression levels for IP $ R1 and FKBP12 are shown in Figure 1 . IP $ R1-
Figure 1 Expression of IP 3 R1 and FKBP12 in different cell types
The microsomal fraction of rabbit cerebellum (RCM), of SH-SY5Y, A7r5, RBL-2H3 and 16HBE14ok cells or of TC from skeletal muscle (TC) were subjected to SDS/PAGE and immunoblotted with specific antibodies (A) against IP 3 R1 (Rbt03) or (B) against FKBP12 (anti-FKBP12). The results were normalized to the amount of protein loaded on the gel and calculated relative to the signal obtained in RCM. Each result is the meanpS.D. from at least three independent experiments. Note the logarithmic scale.
Figure 2 Affinity purification of RyR1 using GST-FKBP12 immobilized on glutathione-Sepharose 4B
TC vesicles were solubilized and incubated with GST-FKBP12 or GST immobilized on glutathione-Sepharose 4B. The retained proteins were eluted with Laemmli buffer and subjected to SDS/PAGE. (A) Protein staining with Sypro Orange4 ; (B) immunoblotting with anti-RyR1 (XA7). Lane P, molecular-mass markers ; lanes 1, TC vesicles (5 µg) ; lanes 2, solubilized TC vesicles ; lanes 3, fraction bound to immobilized GST ; lanes 4, fraction bound to immobilized GST-FKBP12 ; lanes 5, fraction bound to immobilized GST-FKBP12 in the presence of 20 µM FK506. The arrows on the left indicate the molecular masses of the protein standards. The arrows on the right indicate the RyR1, GST-FKBP12 and GST. The identities of the GST fusion proteins were confirmed by an anti-GST antibody. Equivalent amounts of samples were used in lanes 1 and 2 and a 4-fold higher amount in lanes 3-5.
specific bands were detected in the microsomal fraction of rabbit cerebellum, SH-SY5Y, A7r5, RBL-2H3 and 16HBE14ok cells, but not in TC vesicles of skeletal-muscle cells ( Figure 1A ), which are highly enriched in RyR1 (results not shown). FKBP12 was present in the microsomes of rabbit cerebellum, SH-SY5Y and 16HBE14ok cells and in TC vesicles ( Figure 1B ). Since TC vesicles express 8-fold higher levels of FKBP12 than rabbit cerebellar microsomes, and since no FKBP12 was detected in, for example, A7r5 cells expressing relatively high levels of IP $ R1, one can conclude that FKBP12 expression was not correlated with IP $ R1 expression. The relation between expression of FKBP12 and of RyR and IP $ R isoforms was therefore investigated further during differentiation of C2C12 muscle cells (results not shown). Undifferentiated C2C12 cells did not express RyRs. After 7 days of differentiation, C2C12 cells expressed high levels of both RyR1 and RyR3. Expression of IP $ R1, as well as that of IP $ R2 and IP $ R3, decreased significantly during differentiation (P 0.05). In contrast, FKBP12 expression was up-regulated similarly to that of RyR1 and RyR3 (P 0.05).
Table 2 Purification efficiency of the different receptors with GST-FKBP12 affinity chromatography
The binding procedure is described in the Experimental section. The values indicate the amount of bound receptor relative to the amount of solubilized receptor, set at 100 %. Binding to GST was used as a negative control. The difference between the amounts bound to GST-FKBP12 and to GST is considered to indicate specific binding. Each result is the meanpS.D. from at least three to six independent experiments.
Preparation
Receptor GST (%) GST-FKBP12 (%) 
Interaction of GST-FKBP12 with RyR1
In order to investigate the interaction between FKBP12 and the different intracellular Ca# + -release channels, we implemented an assay based on the high-affinity interaction of RyR1 with FKBP12 [33] . The intracellular Ca# + -release channels were gently solubilized and any endogenously bound FKBP12 was allowed to exchange with GST-FKBP12 immobilized on glutathioneSepharose 4B. Figure 2 shows the extraction of RyR1 on a GST-FKBP12 matrix. In lane 4 of Figure 2 (A), the purified RyR1 is shown after separation on SDS\PAGE and staining with Sypro Orange4. The retained RyR1 was specifically bound to GST-FKBP12, since parental GST (Figure 2A , lane 3) did not bind any RyR1. Furthermore, the interaction of RyR1 with GST-FKBP12 was completely disrupted by the addition of FK506 (20 µM) during the exchange reaction ( Figure 2A, lane 5) . We identified the RyR1 by immunoblotting with a RyR1-specific antibody (XA7 ; Figure 2B ). About 42p7 % of the solubilized RyR1 was retained by this GST-FKBP12 affinity assay (Table 2) , a yield identical to that obtained by others [33] . These data support the earlier observations that the RyR1 and FKBP12 are tightly associated with each other.
Influence of different modulators of the RyR on the interaction of GST-FKBP12 with RyR1
We have subsequently investigated whether activators or inhibitors of the RyR can modulate the interaction of FKBP12 with FK506-binding protein interaction with Ca 2 + -release channels RyR1. Table 3 indicates that the interaction was dependent on neither Ca# + nor any other activating or inhibiting ligands. Only, the addition of 10 mM Mg# + induced a small but significant increase in the amount of RyR1 that was retained. These results therefore indicate that FKBP12 interacted with both the open and closed state of the RyR1, suggesting that FKBP12 remained associated with RyR1 during Ca# + release.
Analysis of a possible interaction between GST-FKBP12 and the different intracellular Ca 2 + -release channels
The same method as described above was used to study the interaction with other intracellular Ca# + -release channels, i.e. IP $ R1, IP $ R3 and RyR3 ( Figure 3 ). As is apparent from Figures  3(A) , 3(C) and 3(D), no specific interaction of either IP $ R1 solubilized from rabbit cerebellum or of IP $ R1 or IP $ R3
Figure 4 Co-immunoprecipitation experiments of RyR1 and IP 3 R1 with FKBP12
(A) RyR1 from TC vesicles and (B) IP 3 R1 from rabbit cerebellar microsomes were solubilized and immunoprecipitated with m34C and Rbt03, respectively. Immunoprecipitates were separated on SDS/PAGE and immunoblotted with XA7 (A, upper panel) or anti-loopI17a-2 (B, upper panel) and anti-FKBP12 (A and B, lower panels).
solubilized from heterologously overexpressing Sf9 cells could be detected under conditions that allowed the specific binding and purification of RyR1. When the gel was 20-fold overloaded, some non-specific binding of the IP $ R to the matrix was observed (results not shown), which however never exceeded 2 % of the solubilized amount ( Table 2 ). The addition of ligands of IP $ R, such as IP $ or adenophostin A (10 µM), or of Ca# + (100 µM), Ca# + -calmodulin (10 µM) or EGTA (1 mM) could also not induce binding (results not shown). Moreover, the GST-FKBP12 affinity assay allowed the specific extraction of the RyR1 from cerebellum, although its expression level in this tissue was much lower than that of the IP $ R1 ( Figure 3B ). A similar experiment was performed on A7r5 cells, which express both IP $ R1 and IP $ R3 but no immunodetectable FKBP12. Neither IP $ R1 nor IP $ R3 was retained on the GST-FKBP12 affinity matrix ( Figures 3E and 3F ). This ascertained that the lack of specific interaction of GST-FKBP12 with IP $ Rs in different samples was not due to a slow exchange of the endogenously bound FKBP12 for immobilized GST-FKBP12. Finally, in differentiated C2C12 cells expressing both RyRs and IP $ Rs, no IP $ Rs could be retained on the GST-FKBP12 matrix, although RyR1 was retained (results not shown). Taken together, these results imply that the full-size 
IP
$ R1 and IP $ R3 did not interact with FKBP12, although, using the same protocol, RyR1 did (Figure 2) . RyR3, solubilized from RyR3-overexpressing HEK-293 cells, was also specifically retained by GST-FKBP12 ( Figure 3G ). The efficiency of purification of RyR3 was 32p4 % ( Table  2 ). The binding of RyR3 to GST-FKBP12 was partially dependent on Ca# + , as 1 mM EGTA reduced the purification efficiency to about $64 % compared with control conditions (Table 3) .
Immunoprecipitation of RyR1 and IP 3 R1
It is conceivable that, at least in cerebellar microsomes, the endogenous FKBP12 is tightly bound to IP $ R1 and cannot readily be exchanged for exogenously added GST-FKBP12. We therefore analysed whether FKBP12 could co-immunoprecipitate with IP $ R1. RyR1 and IP $ R1 were immunoprecipitated from the Triton X-100-solubilized fraction of TC and rabbit cerebellar microsomes with m34C and Rbt03, respectively (Figure 4) . FKBP12 co-immunoprecipitated with RyR1 but not with IP $ R1, indicating that FKBP12 is associated as an endogenous protein with RyR1 but not with IP $ R1.
Identification of the FKBP12-binding site on RyR1
GST-RyR-FKBS and GST-IP $ R-FKBS, expressing the proposed FKBP12-binding sites of RyR1 (amino acids 2406-2520) and IP $ R1 (amino acids 1349-1461) [20] , were constructed. However, these proteins were expressed in the inclusion bodies of E. coli and were therefore solubilized in 1 % (w\v) sarcosyl before binding to glutathione-Sepharose 4B. The immobilized proteins were subsequently incubated with exogenous FKBP12, but neither of the GST fusion proteins interacted (results not shown). This indicates that either the sequence or the conformation of these recombinant proteins is insufficient for stable interaction with FKBP12.
To identify the domain that is necessary and sufficient for FKBP12 binding, we performed GST-FKBP12 affinity chromatography on partially trypsinized RyR1 and IP $ R1. TC vesicles were trypsinized ( Figure 5A , lane 2) and solubilized ( Figure 5A , FK506-binding protein interaction with Ca 2 + -release channels Figure 6 Functional effects of FKBP12 on Ca 2 + release (A) Non-mitochondrial Ca 2 + stores of permeabilized A7r5 cells were loaded first to steady state with 45 Ca 2 + for 45 min and subsequently incubated in efflux medium in the presence of 2.5 µM FKBP12 (), 2.5 µM GST-FKBP12 (>) or 1 % (v/v) PBS as control ( ). After 10 min of efflux, 1 µM IP 3 was added for 2 min. (B and C) Non-mitochondrial Ca 2 + stores of permeabilized C2C12 cells, differentiated for 7 days, were loaded first to steady state with 45 Ca 2 + for 45 min. During the 45 Ca 2 + -loading phase, 0.5 µM FK506 was added in order to dissociate endogenous FKBP12. After an additional wash step, the monolayers were incubated in efflux medium in the presence of 2.5 µM FKBP12 () or 1 % (v/v) PBS as control ( ). After 4 min of efflux, 1 µM IP 3 (B) or 10 mM caffeine (C) was added for 2 min. The efflux in control conditions (#) was determined in the absence of the activators. Each data point is the meanpS.D. of three measurements. The results shown are typical of three independent experiments. lane 4). The proteolytic pattern obtained was very similar to that described previously [34] . After GST-FKBP12 affinity chromatography, 75 and 45 kDa polypeptides, both recognized by the m34C antibody, were retained on the column ( Figure 5A, lane 5) . Moreover, the interaction of these fragments with GST-FKBP12 was FK506-sensitive ( Figure 5A, lane 6) . The epitope of m34C (amino acids 2756-2803) is localized in the proximity of amino acids 2461-2462, which is the putative FKBP12-binding site based on the analogy with the FKBP12-binding site proposed for IP $ R1 [20] ( Figure 5B ). The existence of this 45 kDa proteolytic fragment of RyR1, containing all determinants for FKBP12 binding, therefore allows in a direct way the identification of the FKBP12-binding pocket on the native protein ( Figure 5B ).
Whereas the full-length RyR1 as well as the RyR1 domain, containing the FKBP12-binding site, could interact with FKBP12, the full-length IP $ R1 could not. Since the FKBP12-binding site is conserved in IP $ R1, it remained to be elucidated whether a fragment of the IP $ R1 containing the putative FKBP12-binding site (amino acids 1400-1401) could interact with FKBP12. For this, a similar procedure to that for the RyR1 was used ( Figure 5C ). The proteolytic fragments were identified by the site-specific antibody 10A6, from which the epitope is localized in the proximity of the putative FKBP12-binding site. Limited trypsinization of the IP $ R1 led to a limited number of fragments, including a 76 kDa fragment [35] containing the proposed FKBP12-binding site [20] . This domain was however not retained by GST-FKBP12 affinity chromatography ( Figure  5C , lane 5). Taken together, these results indicate that neither the full-size IP $ R1 nor the 76 kDa fragment of IP $ R1 containing the potential FKBP12-binding site interacted with FKBP12.
Effect of FKBP12 or GST-FKBP12 on IP 3 -and caffeine-induced Ca 2 + release
Finally, we wanted to investigate the potential effects of FKBP12 on intracellular Ca# + release. We therefore measured the effect of exogenously added FKBP12 or GST-FKBP12 on IP $ -induced Ca# + release in A7r5 cells, which contain no endogenous FKBP12 ( Figure 6A ). We previously demonstrated that FK506 did not influence the IP $ -induced Ca# + release in these cells [23] . Permeabilized A7r5 monolayers loaded to steady state with %&Ca#+ slowly lost their accumulated %&Ca#+ during efflux. A 2 min exposure to 1 µM IP $ , which is the EC &! for IP $ -induced Ca# + release under these conditions, strongly accelerated the rate of Ca# + release. FKBP12 or GST-FKBP12 (2.5 µM) were added during loading of the Ca# + stores with %&Ca#+ (45 min, 25 mC) and continued during the efflux period to allow efficient binding of the proteins to the IP $ Rs in the permeabilized A7r5 monolayers. Despite these precautions, no increase or decrease in the efficiency of IP $ for inducing Ca# + release was observed ( Figure  6A) . A similar experiment was performed in differentiated C2C12 cells, which express both RyRs and IP $ Rs. Since these cells contained endogenous FKBP12, we first depleted the permeabilized C2C12 cells of FKBP12 by the addition of 0.5 µM FK506 during the %&Ca#+-loading phase. The FKBP12-stripped cells were subsequently challenged with agonist (1 µM IP $ or 10 mM caffeine). Addition of FKBP12 (2.5 µM) did not significantly affect the IP $ -induced Ca# + release ( Figure 6B ). However, FKBP12 reduced the caffeine-induced Ca# + release through the RyR to 61p6 % (P 0.05 ; Figure 6C ). These data are in complete agreement with the molecular observations that FKBP12 is a regulator of the RyR isoforms but not of the IP $ R isoforms.
DISCUSSION
Many regulatory proteins are proposed to interact with intracellular Ca# + -release channels, including the immunophilin FKBP12 [8] . Although the effect of FKBP12 on RyR1 function is very well documented [12, 16, 17, 21, 23] , its interaction site has not yet been directly determined and localized. Moreover, data concerning the association of the IP $ R1 with FKBP12 are still controversial, since reports concerning the functional regulation of the IP $ R by FKBP12 [18, 19] or the molecular interaction of FKBP12 with IP $ R1 [20] were not confirmed in other studies. In particular, there is much less evidence for a functional role of FKBP12 in the regulation of IP $ -induced Ca# + release. First, we previously demonstrated that FK506 had no functional effect on IP $ -induced Ca# + release in different cell types, including SH-SY5Y cells and A7r5 cells [23] . Moreover, in the present study, we demonstrated that also the addition of FKBP12 did not influence IP $ -induced Ca# + release in permeabilized A7r5 cells. Second, effects of FK506 on IP $ -induced Ca# + release in intact cells are controversial. It was suggested that the dissociation of FKBP12 of the IP $ R1 by FK506 might potentiate Ca# + flux through this channel [18] . However, FK506 strongly suppressed ATP-induced Ca# + oscillations in tracheal epithelium cells [22] , which is probably due to an inhibition of the SERCA (sarcoplasmic\endoplasmic reticulum Ca# + \Mg# + -ATPase) pumps by FK506 [23] . Third, IP $ -induced Ca# + release in IP $ R1-overexpressing COS-7 cells was not affected by co-transfection of FKBP12 [24] . Fourth, transgenic mice lacking FKBP12 had severe dilated cardiomyopathy and had altered RyR function. However, no IP $ R-related effects were described in these mice [37] .
The analysis of the expression patterns already demonstrated that FKBP12 expression was related to the expression of RyR isoforms but not to that of IP $ Rs, suggesting that FKBP12 is not necessary for the function of the IP $ R. An affinity assay was used to investigate further the interaction of FKBP12 with the intracellular Ca# + -release channels. A direct interaction with RyR1 and RyR3, in the open as well as in the closed state, was demonstrated. Moreover, we localized the FKBP12-binding site on RyR1 using limited proteolysis. FKBP12 was shown to interact with a proteolytic domain of $ 45 kDa (amino acids 2401-2840 [38] ) recognized by antibody m34C. The 45 kDa fragment contained the conserved region, which was identified as the binding site for FKBP12 on IP $ R1 and for FKBP12.6 on RyR2 by the yeast two-hybrid assay [20, 21] . Although this conserved FKBP12-binding site is present in both IP $ R1 and IP $ R3, no specific interaction with FKBP12 was observed. The exchange reaction is very well characterized for the RyR1 and is complete within 40 min at 37 mC [33] . It is unlikely that the lack of interaction with the IP $ R is due to a tight association and too slow an exchange reaction, as no interaction was observed using preparations of cell types that did not contain detectable levels of endogenous FKBP12. Moreover, FKBP12 could be co-immunoprecipitated with RyR1 but not with IP $ R1. This indicates that FKBP12 is endogenously associated with RyR1 and that it can be exchanged readily for GST-FKBP12, but that no such interaction occurs between FKBP12 and IP $ R1. The proteolytic fragment of IP $ R1 containing the proposed FKBP12-binding site was not retained by GST-FKBP12 chromatography. This indicates that in contrast to the observation in the RyR1, this FKBP12-binding site in IP $ R1 is not readily accessible. This result does not necessarily contradict the yeast two-hybrid study [20] , since the proposed binding domain is very hydrophobic and poorly soluble [35] . The yeast twohybrid technique, being an extremely sensitive assay, may be activated by a very small amount of soluble protein. Moreover, the solubility of the domain may be higher in a yeast nucleus. However, the lack of an interaction with either the full-length IP $ R or a proteolytic fragment raises the question of the significance of the FKBP12-binding site on the IP $ R. One possibility is that the FKBP12-binding site is functionally active during the synthesis of the IP $ R proteins. It is known that all immunophilins have cis-trans peptidylprolyl isomerase activity [39] . This isomerase activity is important for protein folding, since it is thought that FKBP12 stabilizes the highenergy, twisted-amide transition state of peptidylprolyl bounds during cis-trans isomerization [39] . FKBP12 will bind with high affinity to this transition state, catalyse the isomerization and eventually be released [40] . It is conceivable that steric hindrance constrains the valylprolyl residue (amino acids 2461-2462), which is the probable FKBP12-binding site on RyR1, in a high-energy, unstable transition state, preventing completion of the isomerization reaction [11] . Binding of FKBP12 to this site will then lower the energy of this intermediate and stabilize the structure of the receptor [11] . In the case of the IP $ R isoforms, FKBP12 may bind to the leucylprolyl residue at amino acids 1400-1401 and catalyse the cis-trans isomerization of the peptide bonds (e.g. during protein synthesis). As a consequence, FKBP12 will be released from this low-energy, stabilized state of the substrate. The steric hindrance, which prevents the peptidylprolyl bond achieving the cis or trans conformations in the RyR isoforms, may be absent or insufficient in the IP $ R isoforms. Alternatively, the FKBP12-binding site on the IP $ R may have a function in the regulation of intracellular Ca# + signalling, but the interaction with FKBP12 might not be constitutive, as in the case of the RyR1, but dependent on critical intracellular conditions and\or on the association of other regulatory proteins. In this respect, it is interesting to mention that FKBP12.6 binding to RyR2 is dependent on the correct phosphorylation state of the receptor [21] .
In summary, we have localized the FKBP12-binding site on RyR1 using limited proteolysis and GST-FKBP12 affinity chromatography. Although the FKBP12-binding site is conserved in IP $ R as well as in RyR isoforms, no evidence was found FK506-binding protein interaction with Ca 2 + -release channels for a direct protein-protein interaction between FKBP12 and IP $ R1 or IP $ R3. It is conceivable that the FKBP12-binding site is required for cis-trans isomerization during protein processing, but that it is not functional in the mature protein.
